Abstract
Introduction

23
The neuroendocrine response to acute stress is largely defined by changes in the state of activation 24 of the sympathetic nervous system and of the hypothalamic-pituitary-adrenal (HPA) axis. Both 25 effects depend in large part on modulation of distinct populations of neurons within the 26 paraventricular nucleus of the hypothalamus (PVN). These include preautonomic parvocellular 27 neurons, which project to preganglionic sympathetic neurons in the hindbrain and spinal cord to 28 regulate sympathetic output, and corticotropin releasing hormone (CRH) positive parvocellular 29 neurosecretory neurons, which project to the median eminence to regulate activation of the HPA 30 axis. Both populations of neurons are subject to a modulatory control by a wide range of 31 endogenous and exogenous compounds. 32
Oxytocin is one such neuromodulator, an endogenous neuropeptide produced predominantly in 33 the paraventricular and supraoptic nuclei of the hypothalamus. Significant prior evidence suggests 34 that endogenous oxytocin, acting in the PVN, is likely to directly modulate stress induced 35 activation of the HPA axis. Indeed, a variety of distinct psychological stressors associated with 36 increased HPA activity promote central release of oxytocin (Ježová et oxytocin into the PVN blunts stress responsiveness (Windle et al., 1997 (Windle et al., , 2004 , and intracerebral 39 infusion of an Oxtr antagonist promotes stress induced release of both adrenocorticotropic 40 hormone (ACTH) and corticosterone into the blood (Neumann et al., 2000) . Similarly, oxytocin 41 knockout mice produce elevated levels of CRH mRNA in the PVN in response to restraint stress 42 (Nomura et al., 2003) , while lactating rodents demonstrate both elevated levels of oxytocin release 43 and reduced levels of CRH mRNA in the PVN (Bealer and Crowley, 1998; Walker et al., 2001) . 44 Collectively, these data suggest that oxytocin release, produced in response to psychological 45 stressors, initiates a negative feedback mechanism that ultimately dampens stress responsiveness 46 in part through down regulation of CRH synthesis in the PVN (Jurek et al., 2015; Winter and Jurek, 47 2018) . 48 Intriguingly, several findings from our group suggest that oxytocin release, produced by a stressor 49 that is not associated with robust activation of the HPA axis, likely also dampens stress 50 responsiveness, but through a mechanism not likely to involve genomic modulation of CRH 51 synthesis. Specifically, we have reported that acute hypernatremia, a peripheral stressor that 52 promotes vasopressin dependent antidiuresis and oxytocin dependent natriuresis (Huang et HPA axis activation produced by subsequent restraint stress (Krause et al., 2011) . Notably, 55 additional work in both rats and mice revealed that this effect is associated with increased 56 activation of c-Fos in PVN oxytocinergic neurons, decreased activation of c-Fos in PVN CRH 57 neurons, and development of an Oxtr dependent inhibitory tone on a subset of PVN parvocellular 58 neurons that lack both a prominent A-type potassium current and a robust low threshold spike 59 (Frazier et al., 2013; Smith et al., 2014 Smith et al., , 2015 . 60
The intrinsic electrophysiological phenotype of the PVN neurons that were inhibited by oxytocin 61 after acute hypernatremia in Frazier et al (2013) were consistent with the interpretation that they 62
were CRH expressing neurosecretory neurons involved in regulation of the HPA axis (Luther et 63 al., 2002) , but this phenotype was not directly confirmed, and the mechanism of putative Oxtr 64 mediated inhibition was not investigated. Therefore, in the current study we used male mice that 65 express tdTomato in CRH neurons to directly test the hypothesis that acute hypernatremia creates 66 an Oxtr-mediated inhibitory tone on PVN CRH neurons, and to further explore the cellular 67 mechanisms and downstream effects of this inhibition. 
Saline injections and slice preparation 91
On the day of experimentation, male mice were assigned to one of two groups: isotonic or 92 hypertonic. Mice in the isotonic group received subcutaneous injections of 0.1 mL of 0.15 M NaCl, 93 while mice in the hypertonic group received subcutaneous injections of 0.1 mL of 2.0 M NaCl. All 94 animals were euthanatized 1-hour post injection. Mice in the isotonic group were allowed free 95 access to water in the one hour between injection and euthanasia, while mice in the hypertonic 96 group were denied access to water between the time of injection and euthanasia. To minimize pain 97 and irritation, each injection was preceded by 2% lidocaine (~0.01 mL). Prior work from our group 98 has revealed that this protocol increases plasma sodium concentration without affecting indices of 99 blood volume (Smith et al., 2014) . Sixty minutes after saline injections, mice were administered 100 ketamine (80-100 mg/kg, ip) and were rapidly decapitated using a rodent guillotine. The brain was 101 quickly removed, and coronal sections (300 μm thick) through the PVN were made using a Leica 102 VT 1000s vibratome. Slices were incubated for 30 minutes in a dissecting solution maintained at 103 30-35°C that contained in mM: 124 NaCl, 2.5 KCl, 1.23 NaH2PO4, 2.5 MgSO4, 10 D-glucose, 1 104 CaCl2, and 25.9 NaHCO3, saturated with 95% O2-5% CO2. After equilibrating at room 105 temperature for at least 30 minutes, slices were transferred to a slice chamber for experimental use. 106
In Vitro Electrophysiology 107
For whole-cell recording, slices were continuously perfused at a rate of 1.2-1.5 mL/min with aCSF 108 that contained (in mM): 126 NaCl, 3 KCl, 1.2 NaH2PO4, 1. 
Immunohistochemistry and two-photon microscopy 136
Immunohistochemical studies were performed on 300 µm brain slices prepared identically to those 137 used for in-vitro electrophysiology. Slices were preserved in 10% formalin overnight at 4C. All 138 subsequent steps were performed at 25C on an orbital shaker. Slices were washed with PBST (PBS 139 + 0.1% Triton X-100) 5x 5 min, then incubated in blocking solution (PBST supplemented with 140 2% bovine serum albumin and 2% normal goat serum) for 48hr. Primary antibodies against NP1 141
(1:500 goat anti-mouse neurophysin-1, Millipore MABN844) and tdTomato (1:500 rabbit anti-142 RFP, Rockland 6004013795) were then applied in blocking solution for 72hr. Slices were washed 143 (5x 5 min with PBST) then incubated in secondary antibodies against mouse (1:500 goat anti-144 mouse, ThermoFisher A11001) and rabbit (1:500 goat anti-rabbit, ThermoFisher A11012) 145 conjugated with two-photon-excitable fluorophores (488nm and 594nm, respectively) for 24hr. contained an average of 20 optical sections, with the distance between the optical sections set at 171 0.5 µm. For each mouse, an average of 4 z-stacks were captured throughout the rostral-caudal 172 extent of the parvocellular neurosecretory region of the PVN. Importantly, when capturing these 173 images, sections hybridized with the positive control probes were used to determine the exposure 174 time and image processing required to provide optimal visualization of RNA signal. Then, as 175 described in detail previously (de Kloet et al., 2016), these same parameters were used for 176 visualization of mRNA transcripts of interest and to assess background fluorescence in sections 177 hybridized with negative control probe (DapB). Importantly, using these exposure times and image 178 processing parameters there was minimal or no fluorescence in sections hybridized with the 179 negative control probe. The projection image shown in the results section was generated from a 180 representative z-stack and then prepared using Adobe Photoshop 7.0 where the brightness and 181 contrast was adjusted to provide optimal visualization. 182
Analysis of co-localization of Oxtr mRNA transcripts with tdTomato fluorescing cells was 183 performed manually on the 40 × magnification z-stacks through the parvocellular PVN of 3 184 separate CRH-tdTomato mouse brains. TdTomato neurons were considered to contain the RNA 185 of interest if at least 2 visible transcripts, defined as an individual punctate dot, were observed 186 within the volume of the tdTomato fluorescence. Data are then reported as the percentage of 187 tdTomato cells that contain the Oxtr mRNA for Oxtr within the parvocellular PVN. 188
Data and statistical analysis 189
The analysis of all electrophysiological data was performed using custom software written in 190
OriginC (OriginLab, Northampton, MA) by CJF. proximity to NP1 positive and thus presumably oxytocinergic neurons, and also further reinforce 223 that there is minimal overlap between these two populations (Fig. 1A) . We performed whole-cell 224 patch clamp recordings from PVN CRH neurons from these animals identified with a combination 225 of epifluorescence and differential interference contrast microscopy ( Fig. 1B-D Fig. 2A-B ). 248
Overall, these experiments revealed that acute salt loading had no significant effect on either 249 frequency or amplitude of sEPSCs or sIPSCs as observed in PVN CRH neurons ( Fig. 2C-D ). 250
Specifically, in slices extracted from animals that received isotonic saline the frequency of sEPSCs 251 was 2.9 ± 0.7 Hz (n=9) while the frequency of sIPSCs was 2.1 ± 0.3 Hz (n=13). In slices extracted 252 from animals that received hypertonic saline theses value were 2.0 ± 0.5 Hz for sEPSC frequency 253 and 2.7 ± 0.7 Hz, for sIPSC freqeuncy (n= 9, 13, and p=0.29 and 0.43, respectively). Mean sEPSC 254 and sIPSC amplitudes were similarly unaffected (see Fig. 2D 
-E). 255
Oxytocinergic receptor mediated tonic current in CRH neurons is insensitive to glutamate 256 blockers, GABA blockers, and TTX. 257
Although salt loading did not alter glutamate or GABAA receptor mediated spontaneous synaptic 258 transmission as observed in PVN CRH neurons, it seemed possible that oxytocin receptor 259 activation could still indirectly modulate CRH neurons by altering transmitter uptake or 260 breakdown in ways that influence activation of extrasynaptic receptors, or by promoting activity 261 dependent release of a transmitter that does not act through glutamate or GABAA receptors. In 262 order to evaluate those possibilities, we repeated our experiments with Oxtr-A in slices extracted 263 from animals that received hypertonic saline. Experiments were performed exactly as in Fig. 1D  264 (red traces) except that we added DNQX, APV, and PTX, to block not only synaptic, but also 265 extrasynaptic ionotropic glutamate and GABAA receptors, and also TTX (1 µM) to block all 266 activity dependent synaptic transmission in the slice. Under these conditions, bath application of 267
Oxtr-A still produced a robust decrease in current density in PVN CRH neurons voltage clamped 268 at -70 mV (-1.2 ± 0.3 pA/pF, n=5, p=0.02 on a one-sample t-test vs. null hypothesis of mean = 0, 269 Fig. 3A-B) . Notably, this effect is not significantly different than observed in Fig. 1D µM GDP-β-S, a non-hydrolysable analog of GDP that competitively inhibits G-protein activation. 286
As such, in the experiments that involved GDP-β-S, we effectively and selectively blocked all G-287 protein signaling that depends on Gα subunits, but only in the individual neuron that was patched. 288
The results of these experiments make two important points. First, we found that L-368 reproduced 289 the effect of Oxtr-A when bath applied to PVN CRH neurons voltage clamped at -70 mV in slices 290 extracted from animals that received hypertonic saline. Specifically, we noted a shift in current 291 density of -1.8 ± 0.6 pA/pF ( Fig. 4A-B , grey symbols). This effect is significantly bigger than 0 as 292 determined by a one-sample t-test (n=5, p=0.04), and also is not significantly different than the 293 response produced by bath application of Oxtr-A presented in Fig. 1D (-1.6 ±.7 pA/pF, n=8, 294 p=0.85, two-sample unpaired t-test). Second, we found that this effect of L-368 was completely 295 eliminated in cells that were patched with an internal solution that contained GDP-β-S (∆current 296 density = 0.4 ± 0.2 pA/pF, p=0.04, two-sample unpaired t-test vs. control condition, and p=0.08, 297 one-sample t-test vs. null hypothesis of mean = 0). Collectively, these data reinforce the conclusion 298 that tonic inhibition of PVN CRH neurons after acute salt loading depends on activation of Oxtr(s), 299 and further indicate that the mechanism requires G-protein activation specifically in the patched 300 neuron. 301
Oxtr mRNA is expressed in the majority of PVN CRH neurons, and selective deletion of 0.01). Consistent with this observation, the difference between these two I-V plots, illustrated in 347 Fig. 6B , further highlights that salt loading is associated with increased activation of an inwardly 348 rectifying current that reverses near the equilibrium potential for potassium. 349 G-protein coupled inwardly rectifying potassium channels (GIRKs) often reduce neuronal 350 excitability by shifting the resting membrane potential more negative and/or by decreasing 351 neuronal input resistance, however, the effects of these changes on neuronal activity in 352 physiological conditions can be complex. In order to more directly evaluate the effect of salt 353 loading on excitability of PVN CRH neurons, we evaluated the response of the neurons to direct 354 current injection in current clamp, with or without a hyperpolarizing prepulse of -50 pA. Fig. 6C  355 illustrates the response of a representative PVN CRH neuron to a +20 pA current injection, both 356 with and without the hyperpolarizing prepulse, in an animal that received isotonic saline. Fig. 6D  357 illustrates reduced firing in response to an identical stimulus in a representative trace recorded 358 from a PVN CRH neuron extracted from a salt loaded animal. Complete neuronal gain curves for 359 isotonic and hypertonic groups with and without a hyperpolarizing prepulse indicate that there was 360 a main effect of salt loading on action potential frequency (salt loading reduced neuronal gain, 361 both without, and with, a hyperpolarizing prepulse, F1,12=7.99, p=0.02, and F1,12=12.86, p<0.005, 362 respectively, Fig. 6E-F) . We also noted that salt loading increased the time to first action potential, 363 for current injections between 10 and 50 pA, with the difference being larger in response to smaller 364 current injections (main effect of salt loading, F1,6=9.33, p=0.02, Fig. 6G ). Similarly, we measured 365 both the rheobase and the threshold of the first action potential observed during a slow current 366 ramp (10 pA/sec)). Salt loading increased the rheobase from 5.1 ± 1.6 pA to 10.9 ± 2.3 pA, and 367 increased the threshold from -32.9 ± 1.0 mV to -28.4 ± 1.2 mV, although only the later effect was 368 statistically significant (n=5, 9, p=0.11 and 0.03, respectively). Collectively, these data further 369 reinforce the conclusion that salt loading produces a clear and functional reduction in the 370 excitability of PVN CRH neurons. 371
Discussion
372
In this study we used a previously characterized CRH reporter animal (Cusulin et An important aspect of that mechanism, as described in the results section, is the idea that it 395 depends on direct activation of Oxtr(s) that are expressed on the PVN CRH neurons themselves. 396
In our view, multiple lines of evidence presented here strongly support that conclusion. Most 397 directly, whole-cell recordings reveal an effect of a bath applied Oxtr antagonist on identified PVN 398 CRH neurons extracted from salt loaded animals. This effect is largely insensitive to bath applied 399 antagonists for glutamate and GABA receptors, does not require action potential dependent 400 transmission in the slice, and is blocked by GDP-β-S delivered intracellularly just to the patched 401 neuron. to hold neurons of salt-loaded animals at negative potentials. B) The difference of the 563 current/voltage curves in A reveals salt loading activates an inwardly-rectifying current which 564 reverses near the equilibrium potential for potassium. C) A representative current clamp recording 565
showing the response to a PVN CRH neuron extracted from an animal that received isotonic saline 566 to a +20 pA current injection delivered either in isolation, or after a -50 pA hyperpolarizing pulse. 567 D) Representative trace from an identical experiment as panel C, in a PVN CRH neuron extracted 568 from a salt loaded animal, highlights decreased responsiveness to a 20 pA current injection, 569 without or with the hyperpolarizing prepulse. E-F) Complete neuronal gain curves constructed 570 from cells recorded as in panels C-D indicate that salt loading produces a statistically significant 571 reduction in neuronal gain. See results section for additional details. G) Acute salt loading 572 increases time to first action potential in response to injection of 10 -50 pA current steps. H) Salt 573 loading increases action potential rheobase and threshold, as observed during a slow current ramp, 574 although only the later effect was statistically significant (n=5, 9, p=0.11 and 0.03, respectively, 575 two-sample unpaired t-test). 576 
